Light phaserestricted feeding slows basal heart rate to exaggerate the type 3 long QT syndrome phenotype in mice. Am J Physiol Heart Circ Physiol 307: H1777-H1785, 2014. First published October 24, 2014 doi:10.1152/ajpheart.00341.2014.-Long QT syndrome type 3 (LQT3) is caused by mutations in the SCN5A-encoded Nav1.5 channel. LQT3 patients exhibit time of day-associated abnormal increases in their heart rate-corrected QT (QTc) intervals and risk for life-threatening episodes. This study determines the effects of uncoupling environmental time cues that entrain circadian rhythms (time of light and time of feeding) on heart rate and ventricular repolarization in wild-type (WT) or transgenic LQT3 mice (Scn5a ϩ/⌬KPQ ). We used an established light phase-restricted feeding paradigm that disrupts the alignment among the circadian rhythms in the central pacemaker of the suprachiasmatic nucleus and peripheral tissues including heart. Circadian analysis of the RR and QT intervals showed the Scn5a ϩ/ ⌬KPQ mice had QT rhythms with larger amplitudes and 24-h midline means and a more pronounced slowing of the heart rate. For both WT and Scn5a ϩ/⌬KPQ mice, light phase-restricted feeding shifted the RR and QT rhythms ϳ12 h, increased their amplitudes greater than twofold, and raised the 24-h midline mean by ϳ10%. In contrast to WT mice, the QTc interval in Scn5a ϩ/⌬KPQ mice exhibited time-ofday prolongation that was flipped after light phase-restricted feeding. The time-of-day changes in the QTc intervals of Scn5a ϩ/⌬KPQ mice were secondary to a steeper power relation between their QT and RR intervals. We conclude that uncoupling time of feeding from normal light cues can dramatically slow heart rate to unmask genotypespecific differences in the QT intervals and aggravate the LQT3-related phenotype.
long QT syndrome; heart rate; feeding; circadian rhythms; SCN5A CONGENITAL LONG QT SYNDROME (LQTS) is primarily an autosomal-dominant disease that delays ventricular repolarization and increases the risk for polymorphic ventricular tachycardia, which can cause syncope, seizures, and sudden cardiac arrest (26) . The majority of LQTS cases are linked to mutations in three different cardiac ion channel genes: KCNQ1 (LQT1), KCNH2 (LQT2), or SCN5A (LQT3) (27) . These three major types of LQTS show differences in disease penetrance, electrocardiographic characteristics, symptomatic risk, triggers for events, and responsiveness to treatment (23, 29) . In particular, LQT3 is more lethal than LQT1 or LQT2, and LQT3 patients typically exhibit an abnormal increase in their heart ratecorrected QT (QTc) intervals and risk for life-threatening episodes at night (28, 30, 33) .
Despite this strong time-of-day association between lifethreatening events in the LQT3 phenotype, the role that manipulating circadian rhythms has on the expressivity of the LQT3 phenotype has not yet been investigated. Circadian rhythms are Ϸ24-h rhythms that are regulated at the cellular level by a transcription-translation feedback loop referred to as the molecular clock. The molecular clock mechanism is ubiquitous across all cell types, and so one of the challenges is in maintaining alignment of the clocks between the central and peripheral systems in the body. Historically, the clocks within the system were believed to be under strict neurohumoral control of the central clock in the suprachiasmatic nucleus (SCN). Recent research, however, has demonstrated that the alignment of the rhythms between the central clock in the SCN and peripheral tissues can be disrupted through offsetting the time of feeding to the light phase in nocturnal rodents (6, 24, 32, 36, 38) . This desynchronization of tissue/organ circadian rhythms within the organism dramatically affects the timing of some well-known physiological variables (i.e., core body temperature) but does not alter the pattern of voluntary activity (i.e., wheel running) (6) .
To begin to address the interaction between the circadian environment and the LQT3 phenotype, we used the LQT3 knock-in mouse model and mice heterozygous for the ⌬KPQ mutation (Scn5a ϩ/⌬KPQ ) that shares many of the typical LQT3 features including longer QT intervals, ventricular and atrial arrhythmias, and sinus node dysfunction (episodes of bradycardia, sinus pauses, and longer sinus recovery times) (9, 11, 21, 37) . Similar to LQT3 patients, the absolute incidence of spontaneous arrhythmias in these animals is extremely rare, but ventricular arrhythmias and sudden death can be unmasked by electrical stimulation or cholinergic-induced bradycardia (5, 9, 21) . The purpose of this study is to determine if misalignment of the central and peripheral circadian rhythms are sufficient to induce changes in the daily fluctuations in heart rate and/or ventricular repolarization for wild-type (WT) and Scn5a ϩ/⌬KPQ mice.
METHODS

ECG telemetry.
All animal procedures were conducted in compliance with the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care and were approved by the Institutional Animal Care and Use Committee at University of Kentucky. WT mice or Scn5a ϩ/⌬KPQ mice (kindly provided by Dr. Peter Carmeliet) (21) were housed in a 12-h:12-h light-dark cycle with ad libitum access to food and water. All the mice used in this study were male and between the ages of 12 and 14 wk. Mice were anesthetized with isoflurane, and telemetry transmitter units (PhysioTel ETA-F10; Data Sciences International) were implanted in the peritoneal cavity under aseptic conditions. The two ECG leads were secured near the apex of the heart and the right acromion. Mice were housed singly and allowed to recover for 2 wk. In vivo telemetry was used to measure core body temperature and ECGs. The method for RR interval analysis was done as previously described (25) . We used two separate methods to assess the QT intervals. First, we manually measured the QT and preceding RR intervals to calculate QTc intervals and to examine the power of the QT and RR relation as previously described (17) . Briefly, to obtain physiologically relevant values for the QTc, the observed R-R interval is expressed as a unitless multiple of 100 ms, which approaches the average R-R interval. This gives a normalized RR interval, i.e., RR100 ϭ RR/100 ms. The value of the exponent y in the relationship QT ϭ QTc ϫ R Ϫ Ry100 was next assessed, where the QT interval is the observed QT (in ms); units for QTc are also milliseconds. Taking the natural logarithm of each side of this relationship gave ln(QT) ϭ ln(QT) ϩyln(RR 100). Thus the slope of the linear relationship between the log-transformed QT and RR 100 defined the exponent to which the RR interval ratio should be raised to QTc. As a second method, we used an automated threshold approach so that we could compute an hourly average for the QT interval over several days (3, 13, 15, 22) . Briefly, the ECG traces recorded for each hour were aligned to the peak of R wave to generate an average trace, the Q point was defined as the base of the QRS complex (where the slope of the profile changed from negative to positive), and the T point was defined to where the ECG returned 75% of the way from the minima of the T wave to the isoelectric level. The hourly averages for the RR and QT intervals for ϳ3 days were then fit with the nonlinear sinusoidal model: Interval ϭ A·cos[2(t Ϫ )/T] ϩ m, to calculate the period (T), the time between the peak amplitudes; phase (), timing of the peak rhythm in reference to the onset of the light phase [Zeitgeber time (ZT) ϭ 0]; the amplitude (A), one-half of the peak to trough levels, and midline mean (m), a rhythm-adjusted mean halfway between the peak and trough amplitudes. Additionally, histograms were computed for RR intervals in bins of 5 ms similar to that previously reported (25) . We also detected regions of bigeminy-like arrhythmia patterns by calculating the number of RR interval "flips" in one-min bins. A flip was defined as an alternating increase and decrease in the RR-interval Ͼ 80 ms. The threshold for characterizing a bigeminal arrhythmia was set at 80 flips per min.
Light phase-restricted feeding. Several studies now show that feeding can act as a dominant environmental cue for setting the circadian rhythm of peripheral organ clock gene expression, metabolism and core body temperature (6, 24, 32, 36, 38) . Mice are nocturnal and in ad libitum feeding conditions, they normally eat most of their caloric intake during the dark phase. We used an established light phase-restricted feeding protocol that limits food access to uncouple the circadian rhythms of the SCN and peripheral organs (4, 6) . On the first day of the light phase-restricted feeding protocol, food was removed at 9 h after the beginning of the light cycle (ZT 9). On the next day, the presentation of the food was restricted for 7 h during the light phase between ZT 2-9. Importantly, once the mice adjusted to the light phase-restricted feeding protocol, they did not reduce caloric intake and the animals began to increase in weight during the second week similar to that previously reported (4) . Studies from our laboratories show that the time-restricted, light-phase fed (tRF) mice consume approximately the same amount of food as ad libitum fed mice (2, 36) . A 2-wk tRF acclimation period was used before ECG analysis to allow the peripheral circadian rhythms to achieve their new steady state.
Statistical analysis. Results are reported as means Ϯ SE unless noted. To determine if there was significant interaction between variables, an ANOVA or t-test was used when appropriate (PRISM, Mathworks). If a significant interaction was identified, then post hoc comparisons were performed using a Bonferonni correction or paired t-test when appropriate.
RESULTS
Light phase-restricted feeding alters the core body temperatures in WT and Scn5a
ϩ/⌬KPQ mice. As nocturnal animals, mice consume ϳ80% of their food during the dark (active) phase (1, 6) . Time-restricted feeding to the light (inactive) phase shifts the circadian expression of timekeeping or clock genes and peripheral organ metabolism by ϳ12 h, but it does not affect clock genes expression in the SCN (Fig. 1A) (4, 6) . The desynchronization of the circadian oscillations between the SCN and peripheral tissues causes a dramatic change in the daily rhythm of the core body temperature: it lowers the trough, increases the amplitude, and shifts the phase by ϳ12 h (6). We confirmed the effect that light-phase, time-restricted feeding has on the core body temperature in WT or Scn5a ϩ/⌬KPQ mice before and after tRF conditions (Fig. 1B) .
Uncoupling time of feeding from normal light cues dramatically alters the circadian rhythm in RR and QT intervals.
The effect that light phase-restricted feeding has on the circadian rhythms in heart rate and ventricular repolarization has not yet been studied. We quantified the circadian rhythms of the RR and QT intervals (RR and QT rhythms, respectively) in WT and Scn5a ϩ/⌬KPQ mice by plotting hourly RR and QT intervals as a function of ZT for ϳ3 days (ZT ϭ 0 is the start of the light phase) (Fig. 2, A and B) and fit the data with a sinusoidal model to calculate the period, phase, amplitude, and midline means (Fig. 2, C and D) . As expected for mice housed in 12-h:12-h light-dark cycle conditions, the RR and QT rhythms followed an ϳ24-h period in all the conditions tested. In ad libitum-fed conditions, the peak of the RR and QT rhythms for both WT and Scn5a ϩ/⌬KPQ mice occurred between ZT 4 and 6 h, and the daily amplitude and 24-h midline means of the QT rhythms were larger in the Scn5a ϩ/⌬KPQ mice (Fig. 2D) . We next quantified the RR and QT rhythms after tRF conditions. Similar to changes in body temperatures (Fig. 1B) , the phase of the RR and QT rhythms in WT and Scn5a ϩ/⌬KPQ mice shifted ϳ12 h (Fig. 2, B-D) . Moreover, the amplitudes and 24-h midline means of the RR and QT rhythms were larger. Interestingly, tRF conditions unmasked a genotype-specific difference in the RR rhythms. When compared with those of tRF WT mice, the RR rhythms of the tRF Scn5a ϩ/⌬KPQ mice had a larger amplitude and 24-h midline mean (Fig. 2C) . The genotype-specific difference in the QT rhythms seen in ad libitum conditions persisted in tRF conditions (Fig. 2D) . Together, these data demonstrate that 1) when compared with WT mice, the Scn5a ϩ/⌬KPQ mice had altered QT rhythms in ad libitum conditions, 2) light phase-restricted feeding altered the RR and QT rhythms in both WT and Scn5a ϩ/⌬KPQ mice similar to body temperature, and 3) light phase-restricted feeding unmasked a difference in the RR rhythms of Scn5a ϩ/⌬KPQ mice. Light phase-restricted feeding exaggerates a genotype-specific difference in the heart rates of Scn5a ϩ/⌬KPQ mice. To better determine how tRF differentially affected the heart rate of WT and Scn5a ϩ/⌬KPQ mice, we calculated the relative percentage of beats with RR intervals that occurred between 50 -300 ms in 5-ms bins (Fig. 3) . In ad libitum-fed conditions, there was only a negligible difference between WT and Scn5a ϩ/⌬KPQ mice. However, when compared with tRF WT mice, tRF Scn5a ϩ/⌬KPQ mice showed a large increase in the percentage of beats with RR intervals Ͼ 200 ms. Close examination of the ECG records suggested that the tRF Scn5a ϩ/⌬KPQ mice had a disproportionate number of pauses (Fig. 4A) . Moreover, in one of the tRF Scn5a ϩ/⌬KPQ mice, we observed four discrete episodes of bigeminal-like arrhythmias lasting at least 1 min over the 3-day recording period (Fig. 4B) . All of these were likely caused by premature atrial contractions (PACs) originating near the sinoatrial node, because the morphologies of the P waves within each couplet were not visibly different and there were no obvious P waves during the compensatory pauses (suggesting the sinus node had been reset). These arrhythmias were not observed in WT mice (ad libitum fed or tRF) or the ad libitum-fed Scn5a ϩ/⌬KPQ mice.
The time-of-day change in the QTc interval of Scn5a
ϩ/⌬KPQ mice is due to a steeper QT-RR 100 relation. We next examined the impact that light phase-restricted feeding had on ventricular repolarization by calculating the QTc intervals measured from ad libitum-fed or tRF WT and Scn5a ϩ/⌬KPQ mice during the middle of the light or dark phase (ZT ϭ 5 and 17), respectively. The QTc formula we used was a modified version of Bazett's formula developed for mice by Mitchell and colleagues (17) : [QTc ϭ QT/(RR 100 ) 0.5 ]. In ad libitum-fed or tRF conditions, the mean QTc intervals measured from WT mice did not show any differences. However, the QTc intervals from ad libitumfed Scn5a ϩ/⌬KPQ mice showed a time-of-day prolongation during the light phase, and this phenomenon was flipped in the tRF Scn5a ϩ/⌬KPQ mice (Table 1 ). These data demonstrate that there is a time-of-day prolongation in the QTc interval of the Scn5a ϩ/⌬KPQ mice, and the daily prolongation in the QTc interval tracks with time of day that the heart rate is slowest (not light cues) (Fig. 2B) .
Since the QTc interval gets disproportionately longer in Scn5a ϩ/⌬KPQ mice during the time of day when the heart rates are slowest, we compared the power of the QT and RR relation for WT and Scn5a ϩ/⌬KPQ mice in ad libitum-fed or tRF conditions (Fig. 5A) . Interestingly, the larger range of RR intervals caused by light phase-restricted feeding allowed us to better define the QT-RR 100 relations as assessed by the improvement in the correlation coefficients (Fig. 5B ). The WT mice had QT-RR 100 relations with slopes of ϳ0.5, similar to what was previously shown by Mitchell and colleagues (17) (Fig. 5B) . In contrast, the slopes of the QT-RR 100 relations for Scn5a ϩ/⌬KPQ mice was ϳ0.8. If we further adjusted the QT correction formula to account for the steeper QT-RR 100 power relation in Scn5a ϩ/⌬KPQ mice [QTc ϭ QT/(RR 100 ) 0.8 ], then the time-of-day change in the QTc intervals disappears (data not shown). Therefore, the increase in the QTc interval of the Scn5a ϩ/⌬KPQ mice at slow heart rates ( Table 1) is secondary to the inability of Bazett's formula to normalize for the steeper QT-RR 100 relation. Overall, these data demonstrate that uncoupling time of feeding from normal light cues slows basal heart rates to unmask genotype-specific differences in the QT-RR 100 relations that aggravate the LQT3-related phenotype. 
DISCUSSION
This is the first study to investigate the role that desynchronizing the circadian alignment has on heart rate, ventricular repolarization, and LQT3 expressivity in transgenic mice. We found that light phase-restricted feeding shifted the phase, amplified the oscillations, and increased the 24-h midline mean of the RR and QT rhythms. Light phase-restricted feeding caused a more pronounced slowing of the heart rates in Scn5a ϩ/⌬KPQ mice and flipped the time-of-day prolongation in the QTc interval not seen in WT mice. The light phaserestricted feeding sufficiently slowed the WT and Scn5a ϩ/⌬KPQ mouse heart rates to amplify differences in the QT as defined by the different slopes of the QT-RR 100 relations. Together, the data demonstrate that uncoupling light and feeding cues that entrain circadian rhythms slow heart rate to intensify the LQT3-related phenotype in Scn5a ϩ/⌬KPQ mice. Previous studies. Classically, the hierarchical organization of the tissue clocks within an integrated system was believed to be dominantly controlled via the SCN, which is entrained by the daily light-dark cycle (31) . However, recent studies have demonstrated that feeding nocturnal mice exclusively during the light phase shifts many of the peripheral tissue clocks, including the heart, independent of the central clock in the SCN (4, 6) . Thus time of feeding acts as a dominant environmental time cue over light for the timing of peripheral circadian rhythms. Studies show that even though light phaserestricted feeding in mice does not alter the phase of clock gene expression in the SCN or voluntary cage activity, it results in ϩ/⌬KPQ (right) mice in ad libitum-fed () or after tRF conditions (OE). Averages are plotted as a function of ZT over ϳ3 days. Shaded regions denote the dark phases. The gray line is the sinusoidal fit to the data. C: mean phases, amplitudes, and 24-h midline means for the RR. D: QT intervals from the sinusoidal fits to the individual data from WT or Scn5a ϩ/⌬KPQ mice in ad libitum (black bars) or after tRF conditions (white bars). Not denoted is the finding that compared with ad libitumfed conditions, tRF conditions increased the phase, amplitude, and midline means for both WT and Scn5a ϩ/⌬KPQ mice (n ϭ 6 animals each, P Ͻ 0.05). Significance denoted for WT vs. Scn5a ϩ/⌬KPQ mice in ad libitum-fed conditions (*P Ͻ 0.05) or tRF ( †P Ͻ 0.05) conditions.
significant changes in core body temperature (6) . We now report analogous changes in heart rate and ventricular repolarization. These are the first data to show that the circadian rhythm in heart rate and ventricular repolarization can be uncoupled from the light-dark cycle. Thus the significant shift and changes in core body temperature, heart rate, and ventricular repolarization argues that the circadian rhythms of these physiological variables are not dominantly controlled via the SCN to autonomic nervous system regulation but rather influenced by the metabolic rate of peripheral organs (4) . Similar to what has been shown in LQT3 patients, we found that the Scn5a ϩ/⌬KPQ mice showed a time-of-day prolongation in their QTc intervals (using the modified Bazett equation) (30) . The time-of-day prolongation in the QTc interval tracked with the daily trough in heart rate and flipped from the light to the dark phase after light phase-restricted feeding. We found that the QT-RR 100 relation was steeper in the Scn5a ϩ/⌬KPQ mice, which is consistent with what has been seen in ungenotyped LQTS patients (16) and the observation that LQT3 patients a show a rate-dependent prolongation in their QT interval at slower heart rates (28) . The QT interval is often seen as a correlate with the duration of the ventricular action potential, and several groups show action potentials recorded from Scn5a ϩ/⌬KPQ mouse cardiomyocytes (atrial or ventricular) exhibit a greater prolongation at slower cycle lengths than their WT counterparts (9, 11, 21) . This phenomenon is secondary to the dysfunctional molecular impact that LQT3 mutations have on the Scn5a-encoded Nav1.5 channel. Most LQT3-linked mutations (including Scn5a-⌬KPQ) disrupt Nav1.5 inactivation gating to cause an increase in the sustained or late Na ϩ current (I Na,L ) (34), and Nagatomo and colleagues (20) showed that the size of the I Na,L becomes progressively larger in cells paced at slower cycle lengths. Therefore, the steeper QT-RR 100 relation in the Scn5a ϩ/ ⌬KPQ mice is likely secondary to a disproportionate increase in the amplitude of the I Na,L at slower heart rates.
Implications. An emergent area of clinical research is focusing on circadian rhythms and cardiovascular disease (14) . For example, it is well recognized that the incidence of several adverse cardiovascular events, like sudden cardiac death (18, 35) and myocardial infarction (19) , peak in the early morning hours. Recently, clinicians have begun to monitor daily rhythms in heart rate and blood pressure as an index for abnormal autonomic function (14) . A blunting in the daily rhythms of the heart rate and blood pressure are useful prognostic indicators for patients with hypertension, myocardial infarction, or diabetes (7, 8, 10) . Our data suggest that individual monitoring of daily heart rate rhythms in LQT3 patients might help identify/predict times of the time of day when a patient has the greatest risk for arrhythmias. Whether or not this daily biofeedback would allow LQT3 patients to tailor the timing of medications or alter their eating and sleeping patterns to help regulate heart rate and minimize the risk for LQT3-related symptoms warrants further investigation. Study limitations. Even though light phase-restricted feeding unmasked genotype-specific changes in the RR and QT intervals between WT and Scn5a ϩ/⌬KPQ mice, we only observed an overt atrial arrhythmia phenotype in one of the tRF Scn5a ϩ/⌬KPQ mice, and we did not observe any obvious ventricular tachycardia phenotypes. This is not surprising since we monitored the mice for a total of ϳ6 days, and the absolute incidence of LQT3-related life-threatening tachyarrhythmia is extremely low in mice and people in basal conditions (9, 12, 23 ). An animal model that shows lots of arrhythmias under basal conditions would be inconsistent with what is most often seen in LQTS patients. Regardless, we must be cautious when extrapolating data obtained in mice to people. Values are means Ϯ SE; n, number of mice. Shown are the average heart rate-corrected QT (QTc) intervals calculated using the correction formula: QTc ϭ QT/(RR100) 0.5 [see Mitchell et al. (17)]. The QTc intervals were calculated from ECG traces recorded during the hours that corresponded to Zeitgeber time (ZT) ϭ5 (light) and ZT ϭ17 (dark) in ad libitum-fed or tRF conditions. *P Ͻ 0.05, wild-type (WT) vs. Scn5a ϩ/⌬KPQ ; †P Ͻ 0.05, light vs. dark.
In summary, this study introduces a novel and important concept that circadian uncoupling has a meaningful effect on heart rate and the LQT3 phenotype in Scn5a ϩ/⌬KPQ mice. These changes are secondary to a slowing of the heart rate that uncover genotype-specific differences in the QT-RR 100 relations. Future studies that explore additional circadian time cues or drugs that influence the heart rate and/or the QT-RR 100 relation, might identify ways to minimize the risk for LQT3-related phenotypes. Whether or not similar mechanisms exist in LQT3 patients warrants further investigation. ϩ/⌬KPQ (bottom) mice calculated in ad libitum-fed (left), tRF (middle), or combined ad libitum-fed and tRF (right) conditions. Each animal is highlighted as a different colored symbol, and red line shows the corresponding fits (n ϭ 6 to 7 for WT and Scn5a ϩ/⌬KPQ , respectively). B: mean slopes (left) and correlation coefficients (right) for the ad libitum-fed, tRF, or combined conditions (*P Ͻ 0.05 for WT vs. Scn5a ϩ/⌬KPQ ).
